Abstract: 3,4-Dihydroxy-L-phenylalanine and ethylenedioxythiophene were chemically copolymerized via an oxidative process in aqueous solution. The copolymer was used as a novel mussel-inspired electroactive binder in conjunction with a nickel-based metal organic frame work for fabrication of environmentally friendly supercapacitors. The binder, in addition to the sticking effect, contributes to electric charge storing via the redox process of catechol moieties of poly(3,4-dihydroxy-L-phenylalanine) and also the formation of a high charge-storing double layer due to the presence of poly(ethylenedioxythiophene). Cyclic voltammetry, charge/discharge measurements, and electrochemical impedance spectrometry showed that the hybrid supercapacitors based on Ni-benzidine MOF with the new electroactive binder exhibit very high specific capacitance (770 F g −1 at 1 A/g) and remarkable capacitance retention of more than 94%
Introduction
Mussels can strongly adhere to surfaces with high binding strength. This extraordinarily robust adhesion of invertebrate mussels to diverse substrates originates from 3,4-dihydroxy-L-phenylalanine (L-Dopa) and lysinerich proteins near the plaque substrate interface.
1−4 L-Dopa is a naturally occurring amino acid that can be enzymatically converted to dopamine. It is widely used in the food industry and as a preferred drug instead of using direct dopamine in the treatment of Parkinson's disease.
5 Polydopamine (PDA) has been intensively explored to modify and functionalize solid surfaces. 6−9 The chemical structure of PDA and its derivatives with outstanding functional groups, such as catechol, amine, and imine, is capable of performing various reactions through attaching to different substrates or chelating the metal ions. 10 The catechol group is readily oxidizable, so under basic conditions it reduces these metal ions to nanometal particles, leading to new hybrid materials.
11
With these benefits, PDA application has not been restricted to coating surfaces; rather, increasingly it is employed in the material sciences as well as in technology, medicine, biology, and chemistry.
12,13
Similarly to dopamine, L-Dopa can be polymerized to poly (L-Dopa) (denoted as PDopa), either under ambient conditions or at an intensively promoted rate in alkaline water at high temperatures.
14 In contrast to PDA, PDopa has attracted much less attention in both science and technological applications so far. L-Dopa, in addition to having catechol and amine groups, also has one carboxylic group that distinguishes it from dopamine negatively charged multifunctional poly anion and is soluble in water, whereas PDA is insoluble and precipitates in water. 15 The molecular structure of PDopa, illustrated in Figure 1 and comprising carboxylate anions, has been well established by X-ray photoelectron spectroscopy experiments.
15

Figure 1. Formation of PDopa via self-polymerization of L-Dopa at 80
• C and pH 8.5.
15
Therefore, PDopa can be used as a dopant poly anion to be incorporated into the structure of conducting polymers such as poly 3,4-ethylenedioxythiophene (PEDOT) (ensuring electroneutrality during the oxidative synthesis) to create a copolymer similar to PEDOT:poly (styrene sulfonate), PEDOT:PSS.
16−18 Commercial
PEDOT:PSS consists of a hydrophobic and highly conductive PEDOT backbone and hydrophilic insulating PSS, leading to excellent dispersibility favorable for solution processing.
18
PEDOT has been used as an active material in supercapacitors. 19, 20 It has many advantages, such as low cost, flexibility, and good electrical conductivity and pseudocapacitance. 18, 19 However, the major drawback is low stability, which means an obvious capacitance drop after a certain number of charge-discharge cycles.
19
Another disadvantage is its limited capacitance, and this becomes an issue for industrial applications. DOT in order to construct both ions and an electron-conductive hierarchical porous structure to considerably enhance the capacitor energy density. 31 The record capacitance for the supercapacitor made of this composite electrode was 567.2 F g −1 .
31 Furthermore, this network porous structure achieved a high cycling stability of 93% capacitance retention after 20,000 cycles.
31
As previously mentioned, PDopa can be envisioned as a large and heavy poly anion and then can be used as a doping electrolyte for the oxidative synthesis of polymers such as polyaniline or PEDOT. PEDOT has better redox cycling stability than polyaniline or polypyrrole, arising from its porous structure, which facilitates electrolyte access. 19 PEDOT is electroinactive in the small potential window in neutral or basic electrolyte solutions, so the polymer undergoes much less swelling or shrinking. Then it only participates in storing the energy through the formation of an electrochemical double layer. The resultant copolymer (PEDOT:PDopa) electroactive binder can also participate in pseudocapacitive performance (catechol moieties on PDopa). On the other hand, the adhesion property of PDopa is simultaneously inserted to the synthesized PEDOT polymer. This energy storage in supercapacitors through the electric double layer, a result of a Faradaic process, is defined as a hybrid supercapacitor in the present work. In order to achieve very high capacitance and stability, this new electroactive binder is pressed on Ni foam and then covered by a thin layer of Ni-benzidine metal organic framework. Based on the constant current discharge-charge curves, an ultrahigh specific capacitance of 770 F g −1 is achieved for the Ni foam/PEDOT:PDopa/Ni-benzidine MOF electrode, with 95% capacitance retention after 1000 cycles in a discharge current density of 1 A g −1 and 86% after 5000 cycles at 5 A g −1 .
Results and discussion
Morphological and structural characterization of Ni-MOF
To verify the crystal structure of the organic-inorganic nickel benzidine (Ni-Bz) framework, the MOF powder was characterized using scanning electron microscopy (SEM) and X-ray diffraction (XRD) (Figures 2a and   2b ). The SEM micrograph shows that the sample exhibits a polycrystalline structure composed of layers that are regularly arranged together and create a crystalline structure. The XRD pattern also indicates that the synthesized powder has a crystalline structure. The IR spectrum of the synthesized Ni-MOF is shown in Figure   2c . The peak at 602 cm in weight is observed. In the second step, the bonds formed between the nickel metals and ligands are broken down and the network structure of the substance collapses at a temperature of 130-260
• C due to the melting and evaporation of some benzidine molecules. This event corresponds to the decrease of 17% in the Ni-MOF weight. In the next step, in the temperature range of 260-437 • C, 38.6% weight loss occurs, during which another part of benzidine is evaporated or begins to burn. From 437 to 590
• C, the remaining is burned and probably is converted to NiO, which corresponds to 35.2% material weight loss. Figure 3 shows the SEM images of the PDopa and PEDOT:PDopa powders chemically synthesized in aqueous solutions via an oxidation process. As can be seen from these images, PDopa is prepared as a very fine powder sticking together (Figure 3a ), whereas PEDOT:PDopa is a flaky material with PDopa particles randomly distributed in its matrix (Figure 3b ). EDS analysis (Figure 3c peaks shift to more positive and negative potentials, respectively, with increased scan rate due to the faster charge and discharge rates. Figure 4b shows similar curves recorded for the PEDOT:PDopa-coated Ni electrode immersed in 3.0 M KOH solution. Comparing the two CV curves reveals that PEDOT is not electroactive in this range of potential in a basic solution, whereas the catechol functional group on PDopa doped in the PEDOT polymer matrix is still electroactive in an applied potential window, although the oxidation and reduction peaks slightly shift to more positive and negative potentials, respectively. PEDOT behaves as a nonelectroactive film because the coated electrode is soaked in a very basic solution. However, PEDOT helps enhance the capacitance of the electrode through the formation of an efficient electric double layer. By comparing Figures 4a and 4b , it can be seen that the current level and area of CV curves are higher for PEDOT:PDopa than those for the PDopa-coated Ni electrode, which indicates the more capacitive nature of the electrode. Linear dependence of anodic and cathodic currents of the PDopa-coated Ni electrode on the square root of the potential sweep rate was investigated and indicated that the current is limited by diffusion mass transport, which can be attributed to the movement of cations inside or outside of the polymer matrix that adhered to the surface of the electrode. Figure 4c illustrates the CVs recorded for the Ni-Bz MOF coated Ni electrode dipped in 3.0 M KOH solution. At low scan rates, an oxidation peak is observed at around 0.35 V, which may be attributed to the oxidation of Ni 2+ to Ni 3+ . 33 In the reverse scan, a corresponding reduction peak appeared at 0.22 V vs. Ag/AgCl reference electrode. At higher scan rates (50 mV/s), due to the kinetic effects, the peaks are broadened. The quasi-rectangular shape of the CV curve at 50 mV/s and a pair of redox peaks that appeared in CVs as shown in Figure 4c reveal a typical CV for a pseudocapacitor. It shows deviation from an ideal rectangular shape with some redox peaks due to Faradaic reaction of Ni-Bz MOF, which indicates the pseudocapacitive nature of the material. Figure 4d shows the recorded CVs for the Ni foam electrode coated by Ni-Bz MOF@PEDOT:PDopa followed by pressing the powder at 8 bar and then immersion in 3.0 M KOH solution. At low scan rates, the presence of two overlapped oxidation and two overlapped reduction peaks corresponding to oxidation and As mentioned above and shown in Figure 6a , the shape of the charge-discharge curve of the electrode in the density of various flows reveals that the Faradic reaction occurs in addition to the non-Faradic process, indicating pseudocapacitive behavior at current densities as large as 10.0 A g −1 . Moreover, specific capacitances decrease from 770 to 450 F g −1 with increasing current density from 1 to 10 A g −1 (Figure 7) . The low specific capacitance at higher current densities is attributed to the kinetic polarization effects occurring at higher electrical current density.
Characterization and study of electrochemical behavior of composite electrode
For practical applications, the stability of the electrode's performance during charge-discharge cycles is very important. Repeated charge-discharge cycles were performed and the stability of the composite electrode was evaluated. Figure 8 represents the variation of specific capacitance with cycle number at a current density of 5 A g −1 during charge-discharge cycling over 5000 cycles. After 600 cycles, the specific capacitance of the electrode decreased from 455 to 425 F g −1 and it remained almost unchanged in the subsequent 400 cycles, indicating that more than 94% and 86% stability is retained after 1000 and 5000 cycles, respectively. We attributed the high cycling stability of the composite electrode to the good adhesion between the composite materials containing PDopa binder and Ni substrate and the excellent redox reversibility of the active mass.
In fact, PDopa (a mussel-inspired binder) plays an important role in the stability of the composite electrode.
Moreover, since the PEDOT polymer acts as a nonelectroactive material in this potential range, the composite electrode does not suffer from PEDOT swelling and contraction. Therefore, it does not detach active materials from the surface of the electrode. EIS measurements were carried out in the frequency range from 100 kHz to 0.1 Hz in order to evaluate the frequency response of both PEDOT:PDopa-and Ni-Bz MOF@PEDOT:PDopa-coated Ni foam electrodes. Nyquist plots of electrodes dipped in 3.0 M KOH solution are shown in Figure 9 . The series resistances, derived from the X-intercept of the Nyquist plot, are about 2.5 Ω for both supercapacitors. A very small semicircle, indicating very low charge transfer resistance of the electrode, is observed for the PEDOT:PDopacoated electrode at high frequencies. The charge transfer resistance at the electrode/electrolyte interface of the Ni-Bz MOF@PEDOT:PDopa-coated electrode is greater (3.0 Ω) due to the presence of a thin layer of nonconducting MOF in the composite matrix. However, this very small resistance indicates the very excellent electrical charge transfer at the interface of the composite electrode dipped in electrolyte solution. The favorable hydrophilicity and wettability of PDopa helps increase the wettability of the PEDOT in aqueous electrolytes, so the ion penetration between the pores of the active material on the surface of the electrode through the electrolyte/electrode surface increases and the internal resistance of the electrode decreases.
6 Therefore, more charge can be stored on the surface of the electrodes. The higher slope of the Warburg line for the composite electrode, which is very near to the ideal vertical line, indicates the more capacitive behavior of the composite electrode. In summary, a new electroactive mussel-inspired binder was first synthesized in aqueous solution containing L-Dopa and EDOT by oxidative polymerization and used in conjunction with Ni-based MOF for the fabrication of supercapacitors. This is an environmentally friendly binder, not requiring toxic organic solvents for its synthesis. A capacitance of 770 F g −1 was achieved during the charge-discharge cycle at 1 A g −1 in an aqueous electrolyte solution. The stability of the electrode was investigated and the retention was more than 94% and 86% of its initial specific capacitance, even after more than 1000 and 5000 cycles, respectively. This excellent electrochemical performance was attributed to the electroactive nature of the binder, which contributes to storing the electric charge in addition to good sticking. The extraordinarily high sticking power, with contribution to the storage of electric charge, makes the PEDOT:Pdopa binder a promising candidate for practical energy storage applications.
Experimental
Materials
Carbon powder, NiCl 2 .6H 2 O, benzidine, 3,4-ethylenedioxythiophene (EDOT), and ethanol were all purchased from Merck Chemical Company (Kenilworth, NJ, USA). L-3,4-Dihydroxyphenylalanine (L-Dopa) and nickel foam were purchased from Fluka (Morris Plains, NJ, USA) and Nano Market (Tamworth, UK), respectively. NiCl 2 .6H 2 O was dried over heat prior to use.
Characterization
XRD was recorded by a PANalytical X'Pert PRO MPD diffractometer (Almelo, the Netherlands) using Cu-K ( α) radiation ( λ) = 0.1542 in the 2 θ angle range from 2
• to 50
• . IR spectra were obtained with a Shimadzu IR-470 spectrometer (Kyoto, Japan) by the KBr pellet technique. Thermal stability of new Ni-Bz metal organic framework was studied by a Mettler Toledo TGA/DSC1 simultaneous device (Columbus, OH, USA) over a temperature range of 30-600
• C with a heating rate of 10
The surface morphology of synthesized materials was studied by scanning electron microscopy (VEGA3, Tescan, Czech Republic).
Synthesis of Ni-MOF via diffusion method
Synthesis of new Ni-MOF is based on a diffusion (layering) method reported in the literature. 
Synthesis of PEDOT:PDopa copolymer
L-Dopa (0.15 g; 0.76 mmol) and EDOT (0.11 g; 0.76 mmol) were dissolved in 50 mL of deionized water, to which 1 mL of 30% H 2 O 2 solution was added and the pH of the final solution was adjusted to 8.5. The reaction mixture was stirred for 48 h. The black precipitated product was collected via centrifuge (3000 rpm). The collected product was dried under vacuum at room temperature and stored for subsequent use. In this work, an equimolar solution of L-Dopa and EDOT was prepared and used for chemical synthesis of the PEDOT:PDopa copolymer; however, preparation by using different molar ratios and also electrochemical synthesis and full characterization of the products are in progress in our lab and will be reported elsewhere.
Electrochemical measurements
Electrochemical behavior of the samples was evaluated by cyclic voltammetry, charge-discharge, and electrochemical impedance spectroscopy in 3.0 M KOH aqueous electrolyte at room temperature using an Auotolab Analytical Device model 302N (Metrohm, Herisau, Switzerland). The working electrodes were prepared by mixing the Ni-MOF material (0.0075 g; 75%), carbon black (0.0015 g; 15%), and (PEDOT:PDopa) (0.0010 g; 10%), and 2 mL of ethanol was added to make a homogeneous mixture. The resulting suspension was coated onto nickel foam current collectors (0.5 × 0.5 cm), followed by drying in a vacuum at 60 • C for 2 h. Subse- The specific capacitance was calculated based on the CV curves obtained at each step using Eq. (1).
Here, C CV sp is the specific capacitance (F g −1 ), I (A) is the current, ν is the potential scan rate (mV s −1 ) , m (g) is the mass of the active material, and V (V) is the potential window.
The specific capacitance ( C CD sp ) is calculated at each current density based on charge-discharge measurement using the following equation:
Here, I is the charge/discharge current (A), t d is the discharge time (s), m (g) is the mass of the active material, and ∆V is the electrochemical potential window (V).
